The associations between As levels in fingernails with both As concentrations in urine and environmental samples are reported. The participants (aged 20-80 years, mean 66 years) lived in the vicinity of a coal-burning power plant with high As emissions in the Prievidza District, Slovakia. Samples were taken in 1999 and 2000. The As levels in fingernails (n ¼ 524) were measured after washing and digestion with microwave heating by hydride generation atomic absorption spectrometry. The spot urine samples (n ¼ 436) were speciated for inorganic As (As inorg ), monomethylarsonic (MMA) and dimethylarsinic acid (DMA) by hydride-cryogenic trap-atomic absorption spectrometry. The geometric mean As level in fingernails was 0.10 mg/g (range, o0.01-2.94 mg/g). There was a clear association between As in fingernails and the distance of the home to the power plant (Po0.001). Geometric mean As levels were: 0.17 mg/g distance r5 km, 0.10 mg/g 6-10 km and 0.08 mg/g 4 10 km. The association between the distance to the power plant and total urinary As (As sum ) (n ¼ 436, no fish consumption during the last 3 days before sample collection) was less pronounced (P ¼ 0.018). The As levels in fingernails were positively correlated to As in soil (n ¼ 207, r ¼ 0.23, Po0.001) and to As in house dust (n ¼ 209, r ¼ 0.30, Po0.001). The associations between urinary As sum and As concentrations in soil (n ¼ 159, r ¼ 0.13, Po0.105) and in house dust (n ¼ 162, r ¼ 0.14, Po0.081) were quite similar. As levels in fingernails were associated with urinary As sum and with the different As species in urine. It is concluded that As levels in fingernails are a reliable marker of environmental As exposure, and that As concentrations in fingernails reflect the As exposure in a similar manner compared with urinary As sum and As species.
Introduction
Arsenic (As) constitutes one of the most important environmental contaminants when global human health hazards are considered. Epidemiological studies reveal that chronic human exposure to As may be associated with peripheral artery disease, cardiovascular effects, diabetes mellitus, various cancers and adverse reproductive effects (WHO, 2001 ). There is also evidence that As compounds are genotoxic (Basu et al., 2001; Gebel, 2001) . As-associated cancer has been observed in populations highly exposed to As occupationally, medically or through contaminated drinking water (WHO, 2001) . The general human exposure to As is primarily through the ingestion of food. In some areas, the drinking water, smelting activities, coal combustion and contaminated soils contribute to an additional environmental As exposure. The total daily intake of total As shows great inter-regional variation, mainly due to the worldwide variation in the consumption of seafood and fish products. Estimates of the daily dietary intake range between 20 and 300 mg/day (WHO, 2001 ). More recently, we found a lower As dietary intake (median) for German children of 3.1 mg/ day (range, 0.6-98 mg/d) (Wilhelm et al., 2003) .
The determination of human As exposure, especially in populations exposed to relatively low levels of As, is a particular concern (WHO, 2001 ). The use of blood As levels as a biomarker of low-level exposure is limited since As is rapidly cleared from the blood and it is difficult to distinguish the contributions of inorganic As (As inorg ) from drinking water and organic As from food. As is also rapidly metabolized and excreted via urine. Consequently, the concentration of total urinary As is used as a biomarker of recent As exposure. However, because organic As compounds mainly from seafood and fish are also excreted via urine, it is recommended that 48 h prior to sample collection the consumption of fish or seafood be avoided to estimate exposure from environmental sources. For interpretation of the results, there are reference values available in Germany. Based on the German Environmental Survey 1998 GerES III (Becker et al., 2003) , the German Human Biomonitoring Commission has established a reference value for As in urine of 15 mg/l (Wilhelm et al., 2004) . For risk assessment, chemical speciation of As in urine is important (WHO, 2001) . Methods are available to determine the toxicologically relevant As species As inorg , monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA) in urine. Hence, the metabolites of toxicological significance and the practically nontoxic arsenobetaine (''fish'' As) can be separated. However, reference values for As species in urine are not available.
Another approach to assess As exposure is the analysis of As levels in hair or nails. The usefulness and limitation of hair analysis have been summarized by Wilhelm and Idel (1996) . The main issue of concern is the difficulty to distinguish between endogenous and exogenous sources of As in hair or nails. Furthermore, external contamination probably cannot be removed completely. The problem of external contamination is thought to be lower in nails (Mandal et al., 2003) . Hinwood et al. (2003) found a strong correlation between toenail As concentrations with both As levels in drinking water and soil, while this association was less pronounced when using hair. Karagas et al. (2001 Karagas et al. ( , 2002 reported that As levels in toenails are a reliable long-term biomarker of total As exposure and reflect the intake of As from drinking water at low levels better than the concentrations of total As and As species in urine.
Within the scope of the European Union-funded project, EXPosure to ArSenic and CANcer Risk in Central and East Europe (EXPASCAN), it was possible to compare associations between As levels in fingernails with both As concentrations in urine and environmental samples. In this population-based case-control study, a nonmelanoma skin carcinoma excess risk was reported for environmental As exposure from power station emissions in the district of Prievidza, Slovakia (Pesch et al., 2002) . Associations with environmental exposure were found for urinary As sum , the methylated species MMA and DMA but not for As inorg (Ranft et al., 2003) . Here, we report the results on As analysis in fingernails and the comparison of As levels in fingernails with urinary As species.
Material and methods

Study Area and Study Population
Details of the study design and exposure assessment have been described previously (Pesch et al., 2002) . The study area was the Prievidza District, Slovakia. Since 1953 until 2000, an estimated 3000 tons of As has been emitted from a Slovak power plant, resulting from a very high As content of the local coal as well as from an insufficient emission control in the past. As emission has been considerably reduced since 1990 due to pollution control measures. The As contents of samples taken from this plant in 1999 were about 500 mg/g in coal and up to 1600 mg/g in fly ash .
The population-based case-control study described in detail by Pesch et al. (2002) was conducted from October 1999 until June 2000. The cases were 264 patients with a nonmelanoma skin carcinoma and 286 controls. Interviews with a structured questionnaire were conducted in person by trained staff to ascertain demographic characteristics, health status, residential and occupational history, dietary and smoking habits and frequency of the consumption of homegrown products during the period of the highest As emissions (binary variable) and other data. Informed consent was obtained from the study subjects prior to the interview. Demographic and other characteristics of the 524 individuals who provided fingernail samples are summarized in Table 1 . Data on environmental As exposure were available from the modeling of airborne As pollution by using emission data (Colvile et al., 2001 ) and from the measurement of As levels in soil and dust samples from the households of the study population . Place of residence held for at least 1 year since 1953 was classified into the following categories with respect to the dispersion modeling of the As emission and according to the distance from the power plant: r5 km, 6-10 km and 410 km. Environmental As in garden soil and household dust was positively associated with the distance to the power plant and the As levels in soil and in house dust correlated significantly (Ranft et al., 2003) . Estimation of individual As intake via food was calculated from the frequencies of consumption of 25 food dietary items and the As content of these items (details in Pesch et al., 2002) . A similar detailed analysis of the As intake via drinking water could not be performed. But, current As levels in the drinking water available to the study participants were below 5 mg/l (data provided by the State Health Institute, Prievidza, Slovakia) and therefore well below the guideline value of 10 mg/l. Owing to low number, occupational As exposure was not included into statistical analysis.
As Analysis in Urine and Fingernails
Spot urine samples were collected from 548 persons (details in Ranft et al., 2003) . Samples were excluded from further statistical analysis of As species concentrations in urine if the participants had eaten fish within 3 days prior to sampling and if the range of specific gravity from 1.010 to 1.024 g/ml and that of creatinine concentration in urine from 0.5 to 2.5 g/l were exceeded. Out of the 524 participants who provided samples of fingernails, 436 urine samples were included for analysis considering the above-mentioned criteria. Detailed information on the urine sampling, storage and As species analysis by hydride-cryogenic trap-atomic absorption spectrometry has been given elsewhere ). The limits of detection (LD) were 0.4 mg/l for As inorg , 0.1 mg/l for MMA and 0.2 mg/l for DMA. Concentrations below LD were set to LD/2. For As analysis in fingernails, each participant was asked to collect fingernail clippings from all 10 fingers with a nail cutter and to save the fingernail specimens in envelopes with proper identification provided by the interviewer. The nails were kept in the envelopes until analysis in 2002. The washing procedure was based on the methods described by Wilhelm et al. (1991) and Chen et al. (1999) . First, the fingernail samples were washed with Triton-X 100 (2%; Merck, Darmstadt, Germany) in an ultrasonic bath for 20 min. The samples were then transferred to a clean 15 ml tube. The following washing procedure included five steps with successive washing with double-distilled water, acetone (95% p.a., Riedel-de-Haen, Seelze, Germany) and again three times with double-distilled water by mechanical shaking for 5 min within each step. The washed samples were dried overnight under a clean-bench. About 100 mg (maximum 150 mg) were digested in precleaned (with 3% HNO 3 ) 40 ml Teflon bombs with 2 ml HNO 3 (p.a.-plus, 65%, Riedel-de Hae¨n, Seelze, Germany) using microwave heating (highperformance microwave digestion unit, mls 1200 mega, Microwave Laboratory Systems). The digestion program is given in Table 2 . After cooling to room temperature, the samples were transferred by using double-distilled water into quartz dishes. After addition of 0.5 ml H 2 SO 4 (p.a., 95-97%, Riedel-de Hae¨n, Seelze, Germany), the solution was evaporated to a residual volume of about 0.5 ml in these quartz dishes at 2001C for about 45 min to reduce the content of nitric acid. The residual solution was filled up to 2.0 ml with double-distilled water. The 2.0 ml solution was split into two portions of 1 ml each to allow double measurement of the samples. To 1.0 ml each of this solution, the following solutions were added in 15 ml tubes: 7.5 ml 1.5% HCl (p.a., minimum 37%, Merck, Darmstadt, Germany), 1.0 ml prereductant solution (5% potassium iodide, p.a. Fluka, Buchs Switzerland and 10% ascorbic acid, Baker, Deventer, The Netherlands) and 0.5 ml defoamer solution (0.1% Defoaming Agent, Perkin-Elmer, Ü berlingen, Germany). As concentrations were then determined by hydride-generation atomic absorption spectrometry using a PE 1100 B model (Perkin-Elmer) connected to the peristaltic pump of the flow injection system FIAS 100 (Perkin-Elmer). Details of the operating conditions are given in Wilhelm et al. (2003) . The calibration standards ranged between 5 and 20 mg/l. Under the conditions given here, the LD was 0.010 mg/g. Levels lower than LD were set to half this limit. The accuracy of the method was confirmed by analyzing the reference material human hair No. GBW 09101 (Shanghai, China). The certified value was 0.5970.07 mg/g. In comparison, the mean measured value was 0.5670.03 (n ¼ 36). Additionally, quality control was maintained through successful participation in an interlaboratory external quality program of the German Society of Occupational and Environmental Medicine for As in urine.
Statistical Methods
Log-transformation was applied to As concentrations in urine, fingernails, soil and house dust (details on soil and house dust analysis are given in Keegan et al., 2002) to achieve approximately normal distributions for parametric statistical analysis. Groups were compared by analysis of variance. Bivariate associations between concentrations were Table 2 . Digestion program of the microwave digestion unit mls 1200 mega for analysis of As in fingernails.
Step Time (min) Power (W) 
Results
In Table 3 , the basic descriptive statistical data of the As concentration in fingernails and of As species in urine are summarized. As levels in fingernails ranged from o0.01 to 2.94 mg/g. Number of samples below LD was high; however, the LD achieved in this study is in the lower range of reported values for LD of As analysis in nails.
Stepwise multiple linear regression analysis (Table 4) showed that F depending on the model used F the distance of the place of residence to the power plant, As in soil, As in house dust, As urinary species, gender and age were significant determinants of the As levels in fingernails. A minor influence was observed for consumption of home-grown food (Po0.10) and for fish consumption more than once per week (Po0.15). Current smoking status and the estimated dietary As intake did not meet the significance level (Po0.2) in the stepwise regression analysis. Based on model 1 (Table 4) , As in fingernails decreased by 13% with an increase of 10 years of age, increased by 27% with fish consumption more than once per week and was 19% higher in male than in female subjects. The determinants age, gender, consumption of home-grown food, urinary As sum and distance to the power plant accounted for 16% of the variance of As levels in fingernails (model 2). Figures 1-3 and Tables 5-7 describe in more detail the associations between As in fingernails and its determinants by bivariate statistical analysis. In addition, Table 8 shows the correlation between As in urine and the determinants of As in soil and As in house dust. These results show firstly, that As levels in fingernails are associated with the three environmental exposure measures, distance to the power plant, As in soil and As in dust, and secondly, that these associations are at least comparable or even stronger for As in fingernails when compared with As in urine.
Discussion
The use of nail tissue to estimate environmental As exposure is not new. US EPA (1979) reviewed As levels in nails. No clear conclusions can be drawn from these data due to the very different aims and years of performance of the 11 studies summarized. More recent investigations show that As concentrations in nail tissue (fingernails or toenails) reflect environmental As exposure mainly from drinking water (Karagas et al., 1996; Lin et al., 1998; Hinwood et al., 2003; Mandal et al., 2003) and also from soil (Hinwood et al., 2003) as well as occupational As exposure (Agahian et al., 1990) .
There are some studies available in which As levels were measured in the different specimens of the same individuals. Lin et al. (1998) found that hair, fingernails or urine samples served as equally effective biomarkers of exposure in patients with blackfoot disease from Taiwan, while Karagas et al. (2001 Karagas et al. ( , 2002 reported that toenails reflect the As intake from drinking water better than urinary As species. Toenail and hair samples were assumed to be useful biomarkers for As Arsenic levels in fingernailsexposure to both contaminated water and soil (Hinwood et al., 2003) .
In general, nails are rich in keratins that contain up to 22% cystine residues, while hair contains softer and more flexible keratins consisting of 10-14% cystine (Mandal et al., 2003) . As accumulates in keratin-rich tissues such as nail, hair and skin as a consequence of its affinity for sulfhydril groups. Looking at the anatomy and physiology of the nail (Fleckman, 1985) , fingernails grow continuously about 1.9-4.4 mm/month and it takes a normal fingernail about 2 months to grow 5 mm out from under the proximal nail fold. A normal fingernail grows out completely in about 6 months. Fingernail growth rates do vary by finger and hand, but the differences are minimal (Agahian et al., 1990) and in the present study the fingernail clippings were pooled for each participant. The time period of exposure reflected by Table 4 . Different models for stepwise multiple linear regression analysis of As levels in fingernails (log-transformed) for environmental As exposure (distance to power plant, As in soil, As in house dust; frequency of fish consumption; consumption of home-grown food), gender, age, and urinary As sum , As inorg , MMA, DMA. Only determinants that met the level of significance Po0.2 were included.
a The environmental factors As in soil and house dust were treated separately because they are causally dependent and covary by distance to the plant. This also applies to urinary As species. 
The potential determinants smoking habit and dietary As intake met in no case the significance level Po0.2.
b All cases excluded with fish consumption the last 3 days prior to urine sampling and insufficient urine quality. c Factor not included in the model. . Concentrations of (a) As in fingernails and of (b) As species in urine by distance of place of residence to the power plant. Box-whisker plot (median, 25th, 75th percentile, minimum, maximum) in logarithmic scale.
fingernail clippings cannot be defined precisely. However, it can be assumed from the above-mentioned growth rates that by using fingernail clippings of about 1-3 mm breadth, As in fingernail clippings may reflect an exposure period of about 1 month within the last year. For comparison with other biomarkers of As exposure it has to be considered that As in fingernails measures a different frame of As exposure than toenails, urine or hair.
The difference with toenails is probably low, although toenails grow at one-half to one-third the rate of fingernails. Urinary As species reflect only the very recent exposure of some days or weeks. For hair analysis, usually the first 2 cm proximal to the scalp are used. Since hair grows about 1 mm/ month, hair samples may reflect the exposure over the last months. In the present study, a continuous environmental As exposure is assumed; thus the different frames of exposure periods measured by fingernails and urinary species should be of lower importance.
The most critical aspect with As in hair or nail is the exogenous contamination. However, it can be assumed that this problem is greater in hair. The limitations of hair analysis to assess metal exposure in environmental health have been discussed in detail by Wilhelm and Idel (1996) and recently the Agency for Toxic Substances and Disease Registry (ATSDR) summarized similar statements (Harkins and Susten, 2003) . In the present study, an extensive washing procedure was applied. Nails are more resistant to extensive washing procedures, thus the problem of external contamination may be overcome. This assumption is supported by the recent findings of Hinwood et al. (2003) . Interindividual variability was lower in toenail As and correlations with environmental concentrations were improved when compared with hair As. A better correlation between fingernail As and drinking water As than between hair As and drinking water As was reported by Mandal et al. (2003) . From in vitro adsorption experiments with fingernails and hair, the authors concluded that exogenous contamination of fingernails is practically negligible.
Another issue of concern is the question which As species and to what extent, may pass from the blood into the nail matrix. Data on this aspect are very rare. Very recently, Mandal et al. (2003) found that fingernails collected from Figure 3 . Association between the sum of As species (inorganic As III and As V , MMA, DMA) in urine and As in fingernails, where all cases with fish consumption the last 3 days prior to urine sampling and insufficient urine quality were excluded. Linear regression line of logtransformed concentrations. Symbols of scatter plot indicate the distance to the power plant, that is r5 km : K, 6-10 km : J and 410 km : D. Table 6 . ANOVA of the dependency of As in fingernails from the determinants gender, consumption of home-grown food, fish consumption more than once per week and current smoking status. exposed individuals in West Bengal, India contained 58.6% As(III), 21.5% As(V), 7.7% MMA(V), 9.2% DMA(III) and 3.0% DMA(V), thus showing that all species are incorporated into fingernails. Owing to rapid urinary excretion, it is unlikely that organic As from fish and other marine products such as arsenobetaine, arsenocholine, arsenolipids and arsenosugar are deposited in the nail or hair tissue. And if any of these compounds were deposited in the nail, the digestion procedure of the present study would probably not be suitable to detect these compounds. The As levels in fingernails are somewhat more difficult to interpret compared with total As in urine due to the lack of reference values. To our knowledge, no data are available that fulfill the criteria for the setting of reference values, for example, as defined by the German Human Biomonitoring Commission (Ewers et al., 1999) . Data on As in nails from the literature show great variation. However, for populations not ''heavily'' exposed, As levels in nails are generally o 0.5 mg/g and the mean values are about 0.10 mg/g. This judgment is based on the following data. Mandal et al. (2003) estimated a mean As concentration in fingernails of 0.19 (range: 0.11-0.30) mg/g for the control group and of 7.32 (range: 2.14-40.25) mg/g for a chronically As exposed population from West Bengal, India. In toenail As among 433 obviously nonexposed matched breast cancer casecontrol pairs, the median value was 0.09 mg/g (Garland et al., 1996) . The geometric mean of fingernail As among 36 employees exposed to As from soil at a Superfund site was 0.27 mg/g (Hewitt et al., 1995) . Hinwood et al. (2003) reported high geometric mean toenail As levels of 21.7 mg/g (n ¼ 21) in a group (n ¼ 21) exposed to As via drinking water, of 32.1 mg/g in a group (n ¼ 22) exposed to As via soil, and also one rather high value of 3.35 mg/g in the control group (n ¼ 8). The toenail As concentrations reported by Karagas et al. (2001) ranged from 0.01 to 0.81 mg/g (geometric mean: 0.094 mg/g) among controls (n ¼ 524), from 0.01 to 2.03 mg/g (geometric mean: 0.098 mg/g) among a basal cell carcinoma group (n ¼ 284) and from 0.01 to 2.57 mg/g (geometric mean 0.090 mg/g) among a squamous cell carcinoma group (n ¼ 587). Our data with a geometric mean of 0.10 mg/g (range o0.01-2.94 mg/g) for As levels in fingernails are quite similar compared with those of Mandal et al. (2003) for the control group and with toenail As levels reported by Garland et al. (1996) and Karagas et al. (2001) , suggesting that the population studied by us was not ''heavily'' exposed to As. This assumption is supported by the As levels in urine. Geometric mean of urinary As sum was 6.0 and the 95th percentile was 17.7 mg/l. For comparison, the reference value for As in urine established by the German Human Biomonitoring Commission is 15 mg/l (Wilhelm et al., 2004) . Table 7 . Spearman's rank correlation between As in fingernails and the determinants estimated dietary As intake (for details on units for intake see Pesch et al., 2002) , age, As in soil and house dust and As species in urine. All cases excluded with fish consumption the last 3 days prior to urine sampling and insufficient urine quality.
Arsenic levels in fingernailsWith respect to factors determining As levels in fingernails we found, even at the low environmental exposure levels close to the European average (Ranft et al., 2003) , an association with As in soil, As in house dust and with the distance to the power plant. The influence of age (Table 4) should not be overinterpreted since our study population was of high age. However, in the German Environmental Survey 1998 (Becker et al., 2003) , As in urine also declined with age considering adults 18-69 years. Information from the literature on As levels in nails in dependence on age and sex is scarce, and no uniform conclusions can be drawn from these data. Karagas et al. (1996) found no difference between As in toenails of male and female subjects. Hinwood et al. (2003) reported on higher As levels in toenails of male subjects, while in the report by Mandal et al. (2003) As content in fingernails of females was higher than that of male subjects. Smoking was not a significant determinant of fingernail As levels, confirming observations from other European populations in which, however, As was measured in urine (Becker et al., 2003) or hair (Gebel et al., 1998) . The lack of an influence of the As dietary intake on As in fingernails may be due to the fact that most As in the diet is organic As, which is probably not taken up into nails. However, calculation of the dietary As intake as performed in this study (see Pesch et al., 2002) was a rather crude estimation. In contrast, As in fingernails was increased by consumption of home-grown food, which was probably contaminated by inorganic As compounds from the soil and from ambient air. With respect to As in drinking water, Karagas et al. (2002) showed that toenail As concentrations reflected As intake via drinking water containing 1 mg/l or more. However, in our study, all participants received water from the same supplier with low As levels of o5 mg/l and no drinking water samples were taken in the household of the participants. However, it is unlikely that As levels increase in the household water pipe systems.
Compared with urinary As sum , As in fingernails reflected the environmental exposure in a quite similar manner (Figures 1-3) . In both urine and fingernail samples, distance to the power plant, As in soil and As in house dust were the main determining factors (Tables 4, 7, 8 and for details on factors determining As in urine, see Ranft et al., 2003) . Additionally, as with As levels in fingernails (Table 7) , urinary As sum also dropped with an increase of age (Ranft et al, 2003) . While the consumption of home-grown fruits and vegetables was associated with As levels in fingernails (Table 6 ), this determinant was only associated with MMA urinary levels but not with urinary levels of the other As species (Ranft et al., 2003) . The associations between As in fingernails and urinary As species were quite similar. The regression analysis (Table 7) indicated that the closest associations occurred between urinary MMA and As sum with As in fingernails.
Conclusions
Among a population with an As environmental exposure close to the European average, there was a significant association between environmental As in soil and house dust, the distance to the power plant and fingernail As. As levels in fingernails were associated with urinary As sum and As species. As in fingernails reflected the As environmental exposure in a similar manner compared with urinary As. For estimation of As exposure in environmental epidemiology, As in fingernails is a reliable biomarker.
